Acidic cloudwater is believed to cause needle injury and to decrease winter hardiness in conifers. During simulations of these adverse conditions, rates of ethylene emissions from and levels of 1-aminocyclopropane-1-carboxylic acid (ACC) in both red and Norway spruce needles increased as a result of treatment with acidic mists but amounts of 1-malonyl(amino)cyclopropane-1-carboxylic acid remained unchanged. However, release of significant quantities of ethylene by another mechanism independent of ACC was also detected from brown needles. Application of exogenous plant growth regulators such as auxin, kinetin, abscisic acid and gibberellic acid (each 0.1 millimolar) had no obvious effects on the rates of basal or stress ethylene production from Norway spruce needles. The kinetics of ethylene formation by acidic mist-stressed needles suggest that there is no active inhibitive mechanism in spruce to prevent stress ethylene being released once ACC has been formed.
below. Synthesis of ACC is the key regulatory step and 1-malonyl(amino)cyclopropane-l-carboxylic acid (MACC) is formed as a side reaction (2, 3, 36) . During the wilting of wheat leaves, for example, there is a sharp rise followed by a decline in the levels of endogenous ACC and the rates of production of ethylene, although the levels of MACC rise and remain high throughout wilting (9) . Similar changes in the rates of ethylene emission and levels of ACC and MACC have been reported in S02-fumigated wheat seedlings (18) . The rapid decline of ACC levels and consequential fall in ethylene production in both cases can be attributed, in part, to the efficient conjugation of ACC to MACC. Thus, the malonylation of ACC has been suggested (9, 36) mechanism to dissipate excess ACC and thereby regulate ethylene biosynthesis.
Regulation of ethylene emission may also take place by interaction with other plant growth regulators. In wilted wheat leaves, levels of ABA rapidly increase and these then may inhibit production of stress ethylene (33) . Similarly, IAA and cytokinins (BA) are known to enhance ethylene formation (24, 34, 35, 37) .
Ethylene-forming enzyme (EFE, see reaction scheme above) may also play a part in the regulation of stress ethylene. The increase of ethylene and ACC levels during fumigation with sulphur dioxide or wilting of wheat leaves are accompanied by an increase of EFE (18, 24) . In some circumstances, such as fruit ripening, activation of EFE may be an inhibiting factor which limits the rate of ethylene production (10) .
Over the past two decades, effects of air pollutants such as 03, SO2, and heavy metals on the rates of ethylene production have been widely studied (1, 19, 23, 36) . Many short-term experiments have shown that after exposure ethylene production reaches a maximum in just a few hours and falls off to the control levels within 1 d (23) . Kimmerer and Kozlowski (13) observed that, in birch seedlings exposed to SO2, stress ethylene formation continued until about 80% of the tissues showed injury while Fuhrer (8) (21) to similar acidic mists once a day for 10 weeks (approximately 80 mL tree-') generated as previously described (31) . The composition of the acidic mists applied to spruce included S02-, NO-, NH' and H+ from an equimolar mixture of HNO3 and (NH4)2SO4 diluted to provide a pH 2.5 treatment equivalent to 21 kg N ha-' month-', a pH 3.0 treatment equal to 7 kg N ha-' month-' and a pH 5.0 control treatment of 0.07 kg N ha-' month-'.
Measurement of Ethylene and Ethane Emissions
Rates of release of hydrocarbons from shoots of red or Norway spruce were determined by the procedure described by Wolfenden et al. (32) .
Determination of ACC and MACC
Spruce needles were immediately frozen in liquid N2 and stored at -20°C. Batches of needles (0.2 g) were homogenized with 1.2 mL 2% (w/v) metaphosphate acid solution cooled by ice and, after centrifugation at 11,000g for 10 min, the supernatants were directly used for determinations of ACC according to the method of Lizada and Yang (20) . MACC in similar extracts was measured by passing 0.25 mL of the supernatant through an Amberlite resin (acid-form of IR-120; 2 mL bed volume) to remove the ACC and hydrolyzing the effluents containing MACC with 2 M HCI for 3 h at 100°C. Following neutralization with NaOH, the acid hydrolysates were then assayed for MACC like those of ACC beforehand.
Application of ACC, ABA, BA, IAA, and GA3 ACC and plant growth regulators (0.1 mm in 66 mm sodium phosphate buffer) were incubated with detached needles for 24 h in sealed glass bottles before ethylene determinations by GLC. The needles were recut below the surface of the incubation media beforehand to avoid problems with trapped air bubbles.
RESULTS

Ethylene, ACC, and MACC Changes
In the ITE experiment, red spruce needles exposed to pH 3.0 and pH 2.5 mistings showed needle necrosis after treatment for 10 weeks. The overall extent of injury ranged from 15% to 40% but the pH 5.0 control trees showed no damage whatsoever. Significant increases in both the rates of ethylene emission and the levels of ACC were also observed in the more acidic mist treatments ( Fig. 1) . At ethylene production were about 5 to 10 times those of the pH 5.0 treatment but levels of MACC throughout were little changed. These results indicate that stress ethylene emissions from red spruce needles are induced by acidic mist treatments and sustained for a long period by means of high levels of ACC.
Acid misting of red spruce during this experiment was stopped on December 18, 1987, but the same seedlings were sampled twice more, 8 and 19 weeks after this treatment. Since rates of ethylene production can be influenced by environmental factors, the ratio between control (pH 5.0) and stressed (pH 2.5) is a means of expressing comparative changes. Before the termination of misting, rates of ethylene emissions from and levels of ACC in pH 2.5-treated needles were 10.2-and 4.5-fold, respectively, those of the pH 5.0 treatment. Even 4 months after the misting stopped, both of them were still about 2.5-fold greater.
In order to confirm some of the observations in red spruce, Norway spruce seedlings were also subjected to acidic mist treatments. Trends of ethylene production and changes in levels of ACC and MACC (Fig. 2) were very similar to those already found in red spruce (cf Figs. 1 and 2 ). Visible symptoms, enhanced rates of ethylene production and levels of ACC rose in stressed needles between the 5th and 7th weeks oftreatment and were sustained to the 10th week. Once again, MACC levels changed little during the entire period.
Changes in Needles with Different Degrees of Injury
In acidic mist-treated spruce seedlings, needles could be visually sorted into three classes by color representing the (Table I) .
Effect of Exogenous Plant Growth Regulators
When excised Norway spruce needles were incubated with IAA, kinetin (BA), GA3, and ABA (0.1 mm each) for 24 h, no obvious enhancements or inhibitions were observed during any treatment (Table III) .
DISCUSSION
Most studies of the effects of air pollution on stress ethylene formation by plants have used non-woody plants and shortterm fumigations. During these experiments, the kinetics of ethylene production have shown a similar pattern when ethylene emissions have reached a maximum within a few hours and then fallen back to their original level a day later (25, (27) (28) (29) (30) .
In hardwoods, a second pattern of stress ethylene evolution has been demonstrated. Bucher (4) reported a cyclical pattern of stress ethylene production in forest trees exposed to S02 while Kimmerer and Kozlowski (13) observed that, in birch seedlings exposed to SO2, ethylene formation continued until about 80% of the tissues were injured. Ethylene production then rapidly declined. This decrease was also observed in 03-treated trees and shrubs showing a high degree of necrosis (17) .
Our results from acidic misting show a different behaviour from both of these. With such a treatment of spruce, stress ethylene is continuously emitted even when the needles become completely brown. As the damage on the stressed needles increases, levels of ACC and activities of EFE gradually rise but the levels of MACC are unchanged. Finally, as the needles become brown, they lose their capacity to convert ACC to ethylene but the evolution is maintained by large emissions of ethylene apparently produced independently of ACC. Patterns of ethylene evolution may depend on the plant species, the nature of the stress, and the physiological basis of active regulation. In wheat seedlings exposed to S02 (0.7 and 1.3 ppm) for 9 h, for example, ethylene emissions and ACC levels reach a peak between 6 and 9 h before declining to the original levels at 40 h afterward (18) . By contrast, MACC levels rise steadily; noticeably so after 3 h of exposure. Pretreatment with exogenous 6-BA enhances the rates ofethylene release and the levels ofACC in fumigated leaves but has little effects on this overall pattern of response (18) . This indicates that, in wheat leaves at least, MACC accumulation is an important aspect of regulation which inhibits excess formation of ACC and reduces the release of stress ethylene induced by the SO2 treatment.
Under various environmental conditions, reasons for the changes in rates of ethylene formation may be different (23) . Needles offir trees growing in stands affected by forest decline, for example, show elevated levels of MACC as well as ACC and enhanced rates of ethylene release (8) , but little is known about the kinetics of such changes. In our acidic mist-stressed spruce needles, despite high rates ofethylene release and levels of ACC being maintained for long periods, no simultaneous accumulations of MACC took place. This implies that regulation of stress ethylene formation by means of a bypass to MACC does not take place in spruce needles.
Effects ofother plant hormones may be an additional aspect of such regulation. In plants fumigated with 03 and NO2, endogenous levels of ABA rise (14, 15) while applications of exogenous ABA can efficiently inhibit ethylene emissions from 03-stressed rice seedlings (1 1). In water-stressed wheat leaves, ABA plays an important role in inhibiting ethylene production (33, 34) . Similarly, pretreatment with cytokinin (BA) enhances SO2 or drought-induced ethylene emissions from wheat plants (18, 35) . However, in our acidic miststressed Norway spruce needles, all exogenously applied plant growth substances had little influence on ethylene production (Table III) under the experimental conditions we used. Either they failed to reach their site of action or, if they did, they had no subsequent effect.
After the acidic mist treatment stopped, rates of ethylene production from and ACC levels in red spruce needles declined slowly (Fig. 1) . Even 16 weeks afterward, ethylene emissions and ACC levels were still higher in those needles which had been subjected to acidic mists of pH 2.5. This slow decline of ethylene release may be entirely due to the slow decrease of ACC synthesis after the withdrawal ofthe imposed acidity. It appears that there is no active inhibition of stress ethylene production in spruce needles once ACC has been formed in the needles. Though the data support the fact that ACC is the usual precursor of ethylene from the stressed green needles, other experiments, using Norway spruce needles, have shown that aminoethoxyvinylglycine, a strong inhibitor of ACC synthase, cannot inhibit stress ethylene formation experimentally induced by bisulfite or ferric sulfate (our unpublished results). This implies that the regulation of ethylene formation by spruce needles is different from that in nonwoody plants such as wheat even though aminoethoxyvinylglycine penetrates needles as well as softer leaf tissues (data not shown).
Many treatments, such as high temperature, osmotic shock, homogenization, and detergents, which destroy the membrane structure, result in a loss of EFE activity in plant tissue (36) . This may indicate that such activity is membrane-bound. Other reports have shown that ethylene formation declines in badly stressed tissues and, at the same time, large amounts of ethane are produced (13, 25) . Our results support these findings. As Tables I and II show, EFE activity is totally lost as ACC accumulates in brown needles.
Release of ethane is often interpreted as indicative of (lipid) peroxidation taking place within necrotic tissues (7, 12, 25, 26) . The rates of ethane we measured from brown needles (Table I) were about one tenth to one fifth of the rates of ethylene emissions not derived from ACC. It is to be expected that such ACC-independent ethylene releases are derived from peroxidative breakdown but the precise characteristics of this process remains unclear. Evidence using model in vitro systems suggests that both ethane and ethylene may be produced from the oxidation of linolenate (12, 16) . Our recent studies have revealed that acid-stressed brown spruce needles provide a highly suitable, reproducible and convenient experimental system to study the details of this ACC-independent ethylene production and to test this and other possibilities.
Since the production of stress ethylene is often correlated with visible leaf injuries, it has often been suggested as an indicator of the extent of injury from a wide range of environmental stress. Bucher (4), however, suggested that the release of stress-ethylene may serve only as an indicator of stress in controlled experiments, but could not recommend it for use under field conditions. The kinetics of ethylene production are different among plant species and under different stress conditions. Only when rates of ethylene emissions are high and continuous, as we have found in red and Norway spruce exposed to acidic mists, are they suitable for diagnostic purposes in the field. Details examination of the mass of data from the CEC 1986 Forest Decline Survey across NW Europe (5) revealed that, of the 30 different variables measured on samples of Norway spruce taken from 12 sites on a transect from N. Scotland to S. Germany, only 3 parameters were found to be site-independent and suitable for use as a predictors of the probability of forest decline (22) . One of these was the measurement of the rates of ethylene emission.
